The interfaces of In 2 O 3 , a model for indium-tin-oxide ͑ITO͒, with benzene, thiophene, and benzaldehyde, models for technologically important organic molecules, are studied using angle resolved ultraviolet photoemission and work function measurements. Band alignment diagrams for hypothetical Al/organic/ITO devices have been drawn, using values determined from this work and previously published studies of these molecules on Al͑111͒. The similarity between the bonding of benzene and thiophene on Al͑111͒ and In 2 O 3 , i.e., largely electrostatic, leads to near identical alignment at both metal and oxide interfaces. This indicates that clean Al and ITO will make a very poor electron/hole injecting pair. We suggest that the apparent efficiency of Al as an electron injecting contact in real devices is due to the presence of oxygen at the Al/organic interface. For benzaldehyde the interaction with In 2 O 3 is largely electrostatic, in contrast to the covalent bonds formed on Al͑111͒. This leads to very different alignment at the Al and oxide interfaces, showing the importance of the particular organic-inorganic interaction in determining band alignment.
I. INTRODUCTION
The interfaces formed between conjugated organic molecules and inorganic materials are of growing technological importance.
1,2 Such interfaces in devices based on electroactive organic materials have a large influence on a number of operational parameters, such as stability and lifetime. In particular the energy relationship-the band alignmentbetween the contact Fermi level (E F ), and the highest occupied and lowest unoccupied molecular orbitals, ͑HOMO and LUMO, respectively͒, of the organic determines the barrier to charge injection. In most prototype devices the hole injecting electrode is usually the transparent conductor ITO, tin doped indium oxide, while the electron injecting electrode is usually a metal. At the electron injecting electrode the optimum band alignment is one where the HOMO is very close to the Fermi level, i.e., a low HOMO binding energy with respect to E F is optimal for an electron injecting interface. For the hole injecting interface the reverse is true, that is, a low LUMO-E F separation leads to higher injection efficiency, which in turn implies that a high HOMO binding energy with respect to E F is optimal for an electron injecting interface. Thus an understanding of the mechanisms which control band alignment at organic-inorganic interfaces is important for an understanding of device performance. However, the physics of such alignment is often presented in overly simplistic terms, involving two assumptions with little physical foundation, leading to the band alignment shown in Fig. 1͑a͒ . First, it is assumed that the vacuum levels of two materials in contact, such as an organic molecule and an inorganic substrate, align. However, it is simply not true, as was first pointed out to the organic device community by Ishii et al., 3 for if it were, different crystallographic faces of the same material would have the same work function, which is well known 4 both experimentally 5 and theoretically 6 not to be the case. Further, even when the interaction between the organic and the surface is purely electrostatic, with no charge transfer, the resulting surface dipole causes a shift in the work function ͑⌽͒.
7 Second, it is assumed that there is no shift in the HOMO and LUMO energies relative to the vacuum level, i.e., there is no charge transfer, ''chemistry,'' at the interface. This, taken with the first assumption, means that the band alignment is further assumed to be determined entirely by the work function of the inorganic material, with low work function materials leading to a high HOMO binding energy. It is this assumption that has led to the common use of aluminum as the electron injecting contact in organicbased devices. However, shifts in the organic HOMO binding energy with respect to the vacuum level are thoroughly documented in the literature. 8, 9 Stabilization of frontier orbitals, specifically the orbitals of aromatic organic compounds, is well known in the adsorption of molecules on transition metal surfaces. 8, 9 Taking into account the actual physics of vacuum level shifts, and the known chemistry of organics on metals, a more realistic band alignment diagram can be drawn, and is shown in Fig. 1͑b͒ . This incorporates a finite shift in the vacuum level, ⌬⌽, and possible shifts in both the HOMO and LUMO relative to the vacuum level. The actual band alignment is therefore determined by the nature of the particular interaction of the organic molecule with the inorganic contact. 10 In principle, both ⌬⌽ and the HOMO binding energy with respect to E F can be measured in photoemission experiments, in both the monolayer and multilayer situations representing the actual interface and the thin film, respectively. In practice this requires controlled experiments in ultrahigh a͒ Author to whom correspondence should be addressed; electronic mail: ramsey@kfunigraz.ac.at vacuum ͑UHV͒, which are more easily performed with model molecules, rather than the larger oligomers and polymers used in actual devices. Figure 2 shows that benzene and thiophene are good models for oligo-/polyphenyls and oligo-/polythiophenes, respectively, in that they will reflect the surface interaction of their respective oligo-/polymers, and also have high vapor pressures at room temperature, making controlled dosing studies relatively simple. These represent the two largest families of electroactive conjugated materials for device applications.
Many prototype devices incorporate so-called ''carrier transport'' layers, additional organic layers between the electroactive material and the contacts. Recently a in situ polymerization technique 11 has been developed to grow oligoazomethine, Fig. 2 , a material which has been used as a carrier transport layer in a successful prototype device, 12 where an oligophenyl was used as the active layer. Due to the use of terephthaldehyde as one of the component materials for polymerization, 11 oligoazomethine is terminated by an aldehyde group bonded to a phenyl ring. It has been speculated 11 that the bonding of this material to ITO surfaces occurs via this functional group. As can be seen from Fig. 2 , benzaldehyde represents a good model for the termination of oligoazomethine, having both the phenyl ring and the aldehyde functional group. We have therefore also performed experiments using benzaldehyde, as a model for this transport material.
As mentioned earlier, the most common electron injecting contact material for prototype devices is aluminum. The interfaces formed between benzene, 7,13 thiophene, 14 and benzaldehyde 15 and the Al͑111͒ surface, have already been the subject of photoemission studies. In this article we report studies of all three molecules on a model for ITO. Commercial ITO is relatively rough, and difficult to reproducibly clean under UHV conditions, and therefore not particularly suited to controlled photoemission experiments, although some attempts are beginning to appear in the literature. [16] [17] [18] [19] [20] [21] [22] We have taken an alternative route, and as a model for ITO we have used indium oxide films, grown on a NiIn alloy. 23 These films are extremely thin, of the order 10 Å thick, 23 and therefore do not suffer from charging problems during electron spectroscopy, in contrast to bulk In 2 O 3 , 24 and most importantly for controlled studies, they can be prepared reproducibly in situ. Experiments on In 2 O 3 , together with the results on Al͑111͒, 7, 14, 15 allow the construction of band alignment diagrams for hypothetical ''clean'' devices, in order to determine whether the relative alignments at the two interfaces are in fact optimal.
II. EXPERIMENT
The data were taken with a Vacuum Generators ADES 400 angle resolving spectrometer, with a base pressure of 10 Ϫ10 mbar. He I (hvϭ21.2 eV) radiation was used, giving an overall energy resolution of 100 meV, as determined from measurements of an Al Fermi edge. The spectra presented here are for normal emission but spectra for other experimental geometries were also taken, however, there was no evidence of angular effects in the orbital emissions of the molecules. Such effects can arise if the surface complex has a high symmetry and can lead to orbital emissions being forbidden in high symmetry directions, as, for instance, is the case for normal emission for benzene on Al͑111͒. 7 Here, however, the normal emission spectra have a one-to-one correspondence to the gas phase ultraviolet photoemission spectroscopy ͑UPS͒ spectra of the respective molecules. Work functions were determined by measuring the secondary electron cutoff of the photoelectron spectrum in normal emission, 5 with the sample under an applied bias, to avoid spurious spectrometer features. The NiIn͑0001͒ sample ͑Matek͒ was cleaned by cycles of argon ion bombardment ͑2 kV, 0.7 A m Ϫ2 ͒ and annealing to 700 K. Full details of the preparation of the NiIn crystal are given elsewhere. 25 The manipulator permitted sample cooling to 90 K. The In 2 O 3 thin film was grown by dosing oxygen at room temperature, and then annealing to 550 K. Further details of the preparation and characterization of the oxide film are given elsewhere. 23, 26 Benzene ͑Fluka AG, Ͼ99.5% pure͒, thiophene ͑Fluka AG, Ͼ98% pure͒, and benzaldehyde ͑Fluka AG, Ͼ99% pure͒ were further purified by freeze-thaw cycles. All were dosed via the background, and all exposures, given in Langmuirs ͑L͒, where 1 Lϭ10 Ϫ6 mbar s, are derived from uncorrected ion gauge readings.
III. RESULTS AND DISCUSSION
None of the three molecules was found to adsorb in sufficient quantities on In 2 O 3 at room temperature to enable the observation of any molecular features in the photoemission spectra. This indicates that the interaction of all three molecules with In 2 O 3 must be relatively weak, in agreement with results for benzene 7, 13 and thiophene 14 on Al͑111͒, but unlike the case of benzaldehyde on Al͑111͒, 15 where monolayer coverage at room temperature could be achieved with a dose of only 1.4 L. All further dosing and measurements on In 2 O 3 were therefore performed with the sample held at a temperature of 90 K. The work function of the clean In 2 O 3 films as a function of exposure to benzene, thiophene, and benzaldehyde is shown in Fig. 3 . The work function of clean In 2 O 3 film was reproducibly determined to be 4.54 eV, which is in the middle of the fairly wide range of values, ϳ4-5 eV 16, 17, 26 obtained for different surface treatments of commercial ITO. The data of Fig. 3 show that the work function undergoes a continuous decrease until multilayer formation occurs, and there is no clear indication of exactly when monolayer formation is complete. The same behavior in the work function data was also seen for benzene 13 and thiophene 14 on Al͑111͒, suggesting that perhaps the same bonding and film growth mechanisms are at work on In 2 O 3 as were seen on Al͑111͒ for these molecules. In both cases on Al͑111͒ 7,14 the bonding was determined to be very weak, and essentially electrostatic, with the resulting surface dipole responsible for the lowering of the work function, rather than any charge transfer. The work function data for benzaldehyde on Al͑111͒, 15 however, clearly show monolayer formation, with photoemission and high resolution electron energy loss data indicating covalent bonding to the Al surface via the aldehyde functional group. The data of Fig. 3 suggest that the same mechanism is not at work for benzaldehyde on In 2 O 3 .
Normal emission UV photoemission spectra for increasing doses of benzene, thiophene, and benzaldehyde on In 2 O 3 are shown in Figs. 4, 5, and 6, respectively. In all three cases, the highest dose corresponds to a condensed multilayer film. Again, there is no direct indication, such as changes in line shape, of exactly when monolayer formation is complete. However, energy shifts start to occur at doses of around 4-6 L, the same dosage levels as were found for monolayer formation of benzene 7 and thiophene 14 on Al͑111͒, and so as an approximation we assume that doses around 4-6 L represent the monolayer. For benzene the HOMO is the 1e 1g orbitals, 27 for thiophene it is the nearly degenerate 3b 1 and 1a 2 orbitals, 28 while for benzaldehyde it is a combination of the ring orbitals and the lone pair from the aldehyde group. 29 The identification of the HOMO binding energy at coverages less than a multilayer is rather more difficult than was the case for the same molecules on Al͑111͒. 7, [13] [14] [15] In those data, the total absence of substrate features in the pho- toemission spectra made peak identification relatively straightforward. For the In 2 O 3 substrate, the spectrum of the clean surface is dominated by the oxygen 2p derived band at around 4 eV, 26 exactly the region where the HOMOs of the three molecules might be expected. However, for thiophene and benzene the almost total lack of line shape change in the region of the O 2p band with increasing exposure suggests that the HOMO peak must occur very close to the peak maximum for the O 2p band, i.e., 3.9 eV. Therefore it does not seem unreasonable to use this value as the HOMO binding energy for monolayers of both benzene and thiophene on In 2 O 3 . For benzaldehyde, adsorption clearly causes the increase in spectral weight on the high binding energy side of the O 2 p band, indicating that the HOMO binding energy is ϳ4.2 eV.
For all three molecules the orbitals in the multilayer have undergone a shift relative to those at lower exposures. Relaxation shifts, i.e., energy shifts of all orbitals due to a change in the screening environment, are well known in molecular adsorption studies. Relaxation shifts for adsorbed phases relative to the gas phase can be determined by comparison with gas phase photoemission spectra, since the binding energy of a particular orbital is given by the sum of its binding energy with respect to the Fermi level and the work function. This requires knowledge of the work function of the monolayer, as submonolayer coverages give the wrong value, being an average of covered and uncovered surface, which as already discussed is rather difficult to identify. For benzene and thiophene the C-H orbitals have been identified in the gas phase spectra. These spectator orbitals are unlikely to undergo any stabilization shifts on adsorption, and therefore are good reference levels. For benzaldehyde, there are no calculations for deeper orbitals in the literature. However, by analogy with benzene, it seems reasonable that the peak at 17.2 eV in the gas phase spectrum of benzene is the equivalent orbital to the 2a 1g C-H orbital of benzene. Unfortunately, this orbital is not visible in the monolayer spectrum, and therefore the peak at 14.9 eV in the gas phase, 9.85 eV in the multilayer has been used to determine the relaxation shift for the benzaldehyde multilayer. This peak shows the same relaxation shift as the ''2a 1g '' peak in the multilayer, therefore its use as a reference level does not seem unreasonable. The relevant work functions and binding energies with respect to ͑w.r.t͒ E F and E vac used to determine the relaxation shifts are summarized in Table I . For all three molecules the relaxation shift relative to the gas phase is the same, within experimental error, given the difficulty in identifying exactly when the monolayer is complete, in the monolayer as in the multilayer. This implies that the shifts seen in the data of Figs. 4-6 are simply due to a shift in the vacuum level, and do not represent relaxation shifts. This in turn suggests that the screening environment in the monolayer is no more efficient than in the multilayer, further indicating electrostatic bonding.
The dashed lines in Figs. [4] [5] [6] indicate that the HOMOs have undergone the same shifts from multilayer to monolayer as the deeper orbitals, at least within the uncertainty of the exact HOMO binding energy. This is unlike the case for the bonding of benzene or thiophene to transition metals, 8, 9 where significant stabilization of 1 eV or more is observed. It is, however, the same behavior as was observed for benzene 7 and thiophene 14 on Al͑111͒, again suggesting that the bonding of these molecules on In 2 O 3 is the same as on Al͑111͒, i.e., largely electrostatic. For benzaldehyde on Al͑111͒, 15 the photoemission spectra of the monolayer showed a distinct splitting of the lowest binding energy band, due to a lifting of the degeneracy of the HOMO, indicating a modification of the functional group upon bonding. It is difficult to determine definitively that this does not occur on In 2 O 3 from the data of Fig. 6 , due to the presence of the O 2p band. However, given the weak interaction indicated by the low sticking probability at room temperature it does not seem likely that covalent bonding occurs.
Band alignment diagrams for hypothetical devices based on all three molecules are shown in Fig. 7 . Shown are the HOMO binding energies as discussed above, for both monolayers and multilayers, assuming no HOMO splitting in benzaldehyde, and the measured work functions. Note that, for consistency, the HOMO binding energy has been taken as the peak maximum, rather than attempting to determine the extent of the leading edge of the peak, as is sometimes done. The values for the In 2 O 3 /organic interfaces are taken from Figs. 3-6. For the Al/organic interfaces, the values for benzene are taken from Refs. 7 and 13, for thiophene from Ref.
14, and benzaldehyde from Ref. 15 . The value for the conduction band edge of In 2 O 3 is taken from inverse photoemission results of In 2 O 3 films on Si͑111͒. 30 The two sides of the ''device'' have been aligned to the Fermi levels, simulating zero bias conditions. It is immediately clear from Fig. 7 that the similarities of the interaction of benzene and thiophene with Al͑111͒ and In 2 O 3 has led to near identical band alignment at both the metal and oxide interfaces. Thus as a contact pair, these interfaces cannot be considered optimal for charge injection. The benzaldehyde/oxide interface is, if anything, actually less optimal for hole injection than either benzene or thiophene, although it models the termination of the oligoazomethine molecule used as a carrier transport layer at hole injecting interfaces. 11, 12 Indeed the benzaldehyde/Al interface, where the HOMO degeneracy is lifted, would be more efficient for hole injection than the benzaldehyde/In 2 O 3 interface. This is, of course, exactly the reverse of the usual situation, where Al is the electron injecting contact.
IV. CONCLUSIONS
Hypothetical clean devices based on benzene and thiophene appear to have suboptimal band alignment at the charge injecting interfaces, as the molecule-surface interac- tions at both interfaces are of the same form, leading to near identical band alignment. In fact, a survey of the extensive photoemission literature for benzene on clean metals 8, 9 shows that the HOMO binding energy on Al͑111͒ is the lowest of all studied metals. This means that Al produces the worst band alignment for electron injection of all clean metals. It should not be overlooked, however, that the Al contacts for real devices are usually evaporated in vacua of the order 10 Ϫ6 mbar, with the residual gas likely to be largely water. Al, although unreactive to organics, is very easy to oxidize. Thus there will be a finite oxygen concentration at the Al/organic interface, as has been observed in Auger depth profiling. 31 We have recently shown 32 that the binding energy of the benzene HOMO on oxygen exposed Al can be up to 5 eV, not much less than the highest value, 5.2 eV on Ir͑111͒, 33 found for benzene on other metals. Further, the switch-on voltage of an Al/oligophenyl/ITO device has been shown to be significantly lowered by the presence of more oxygen at the Al/organic interface. 31 Therefore the apparent efficiency of Al as an electron injecting contact is in fact a product of the relatively poor vacua used during evaporation. Note, however, that the presence of oxygen does not always produce an increase in the organic HOMO binding energy. For bithiophene on clean and oxygen exposed Cu͑110͒, 10 the clean Cu actually produces the highest HOMO binding energy. This in turn serves again to show that the particular interaction at the organic-inorganic interface determines the band alignment. This is also clearly demonstrated by the very different band alignments at the benzaldehyde/Al and benzaldehyde/interfaces, with one a covalent bond, and the other likely to be largely electrostatic.
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